Background: Guanine nucleotide exchange factors (GEFs) regulate the activity of small GTPases to control cellular functions. Results: Gef3p interacts with the GTPase Rho3p at the division site and localizes to the septin ring. Conclusion: The module Gef3p/Rho3p contributes to downstream events in the secretory pathway. Significance: The interactions between septins and Rho-GEFs provide a new targeting mechanism for GTPases to direct secretion in cytokinesis.
addition, fungal cytokinesis requires the synthesis of a special division wall termed septum. Cells of the fission yeast Schizosaccharomyces pombe are rod-shaped and divide by medial fission. In S. pombe cells, cytokinesis starts at late anaphase, triggered by activation of the septation initiation network that promotes contractile actomyosin ring constriction and plasma membrane ingression (3) . Both processes guide the deposition of a multilayered division septum composed of a middle disk, called the primary septum, covered on both sides by the secondary septum (4 -6) . The last step in cytokinesis is cell separation by controlled cell-wall and primary septum degradation. Correct septum formation, and especially cell separation, are critical processes for cell integrity and survival and must be tightly restricted in space and time (7, 8) .
Guanine nucleotide-exchange factors (GEFs) 4 of the Rho family are key proteins in the process of cytokinesis in mammals and budding yeast (9 -11) . GEFs are responsible for the activation of Rho-family GTPases in response to diverse stimuli; GEFs are much larger and complex proteins than the GTPases themselves, and they contain protein-protein interaction domains that could be important for GTPase localization, activation, stabilization, and interaction with their effectors (12) (13) (14) (15) .
S. pombe contains eight proteins with a Rho-GEF domain (Scd1p, Gef1p, Gef2p, Gef3p, Rgf1p, Rgf2p, Rgf3p, and Mug10p) (16 -18) and six Rho GTPases (Cdc42p and Rho1p, Rho2p, Rho3p, Rho4p, and Rho5p). Scd1p and Gef1p are Cdc42p-specific GEFs. Gef1p and Scd1p form a ring structure at the cell division site that shrinks during cytokinesis after contraction of the contractile actomyosin ring. Both Scd1p and Gef1p collaborate in the recruitment of active Cdc42p to the septation site (19, 20) . Gef2p is involved in division-site and contractile-ring positioning by interacting with the anillin-re-lated protein Mid1p (21) . Rgf1p, Rgf2p, and Rgf3p function as GEFs for Rho1p (the regulatory subunit of (1,3)-␤-D-glucan synthase). Although Rgf1p and Rgf2p localize to the septum area, to date it has not been shown whether they play a role in cell division (22) (23) (24) (25) . Rgf3p activates Rho1p specifically in cytokinesis; it localizes exclusively to the middle region of the cell and is essential for maintaining cell integrity during cell separation (25) (26) (27) . Gef2p, Gef3p, and Mug10p have not been assigned to any known GTPase, and the functions of Gef3p and Mug10p are unknown.
In this study we observed that a putative Rho-GEF, Gef3p, interacted physically with Rho3p. In fission yeast Rho3p has been isolated as a multicopy suppressor of sec8-1, a mutant allele of a component of the exocyst complex (28) . The exocyst is highly conserved from yeasts to mammals and is involved in the late stages of exocytosis by targeting and tethering post-Golgi vesicles to the plasma membrane (29, 30) . In S. pombe, mutations in exocyst components show defects in cell separation (28, 31, 32) . Rho3p restored exocyst localization in a cdc42 thermosensitive mutant with multiple membrane traffic defects (33) , and it has been implicated in the regulation of Golgi/endosome trafficking through a functional interaction with adaptin (clathrin-associated adaptor protein-1) and Sip1p (34, 35) . Thus, it is possible that Rho3p could stimulate secretion by locally increasing the exocytic apparatus or through Golgi/endosome regulation.
In addition, Rho3p has been implicated in polarized cell growth through both formin For3p (36) and Pob1p function (37) . For3p and Pob1p mediate the formation of the actin cables that serve as tracks for the type V myosin-dependent delivery of secretory vesicles to sites of growth (37) (38) (39) (40) . Here we report that Gef3p interacts physically and functionally with Rho3p and plays a role during cytokinesis. In addition, Gef3p localization to the septin ring might provide a scaffold for septin-mediated Rho3p-directed polarized secretion during septum formation and cell separation.
EXPERIMENTAL PROCEDURES
Media, Reagents, and Genetics-The genotypes of the S. pombe strains used in this study are listed in Table 1 . The complete yeast growth medium (YES), selective medium (MM) supplemented with the appropriate requirements, and sporulation medium (MEA) have been described elsewhere (41) . Crosses were performed by mixing appropriate strains directly on MEA plates. For overexpression experiments using the nmt1 promoter, cells were grown in selective medium (MM) containing 15 M thiamine up to the logarithmic phase. Then the cells were harvested, washed 3 times with water, and inoculated in fresh medium without thiamine (ϪT) at an A 600 ϭ 0.01 for 16, 18, or 22 h, depending on the experiment.
Disruption of the gef3 ϩ Gene-The gef3::ura4 ϩ disruption construct was obtained in a two-step process. The 5Ј non-coding region of the gef3 ϩ open reading frame (ORF) (nucleotides (nt Ϫ1584 to Ϫ40)) was amplified by PCR, inserting the ApaI and SalI sites (one at each end), and was ligated into the same sites of the SK-ura4 ϩ vector. The 3Ј flanking region of the gef3 ϩ ORF (nt ϩ1609 to ϩ3577) was amplified by PCR, inserting the PstI and NotI sites as above, and was cloned into the same sites of pSK-ura ϩ with the 5Ј end to yield pSM31. gef3 ϩ gene disruption was accomplished using the 5.2-kb fragment from pSM31 cut with ApaI and NotI and transforming the YS64 haploid strain. Correct deletion of the gef3 ϩ ORF was confirmed by PCR analysis using oligonucleotides: M13 (5Ј-CTGGTGGCCT-TAGGTAA-3Ј) in the ura4 ϩ gene and Gef3-Ext-5Ј (5Ј-CTC-CTAAGAAGCGGGAAG-3Ј) upstream from nucleotide ϩ1153 and hence external to the disruption cassette.
Plasmid and DNA Manipulations-To make pALgef3 ϩ (pPB7), the gef3 ϩ ORF was obtained from two PCR fragments; a BglII-PstI fragment (nt Ϫ80 to ϩ1170) and a PstI-SmaI fragment (nt ϩ1170 to ϩ1645); both fragments were cloned into the same sites of pSM31 (described above) to make pPB7. The gef3 ϩ ORF was confirmed by the sequencing of four different clones of pPB7. To tag Gef3p at the N terminus with enhanced green fluorescent protein (GFP) (engineered with eight alanines at the C terminus) and with tdTomato (Cherry variant; Ref. 42 ), pAL-gef3 ϩ (pPB7) was modified by site-directed mutagenesis. The NotI site at the multiple cloning sites was destroyed, and site-directed mutagenesis was used to create a NotI site just before the ATG codon (pSM70). The GFP and tdTomato epitopes were inserted in-frame at the NotI site of pSM70 to create pSM71 and pSM74, respectively. Strains with a genomic copy of gef3 ϩ tagged with GFP or tdTomato were obtained by one-step gene replacement. pSM71 and pSM74 were modified to create a XhoI and a BamHI restriction site (nt Ϫ1220) before the promoter of the corresponding tagged version of the gef3 ϩ ORF, allowing the insertion of the ura4 ϩ marker at those sites and thus creating pSM86 and pSM87, respectively. An ApaI-XbaI cassette from pSM86 and pSM87 were used to transform strain YS64, respectively, creating the SM217 (GFP-gef3 ϩ ) and SM263 (tdTomato-gef3 ϩ ) strains. In addition, pSM89 and pSM90 were created, both containing cassettes (KanMX6-GFP-gef3 ϩ ) and (KanMX6-tdTomato-gef3 ϩ ) for kanamycin selection of the tagged gef3 ϩ . For gef3 ϩ and GFPtagged gef3 ϩ overexpression, pPB7 (pAL-gef3 ϩ ) and pSM71 (pAL-GFP-gef3 ϩ ) were modified by site-directed mutagenesis, introducing XhoI and SmaI sites flanking the gef3 ϩ ORF. The resulting XhoI-SmaI fragments were cloned into the same sites of pREP3x, thus affording pREP3x-gef3 ϩ and pREP3x-GFP-gef3 ϩ . The strain with GFP-Rho3p tagged at the N terminus and plasmid pREP4x-GST-rho3 ϩ were kindly provided by P. Perez (Instituto de Biología Funcional y Genómica (IBFG), Salamanca, Spain). pREP4x-GST-rho3 ϩ was modified by site-directed mutagenesis to replace glycine 22 by valine, creating pREP4x-GST-rho3 ϩ G22V.
Microscopy and Image Analysis-Cell samples were visualized using an Olympus IX71 microscope equipped with a personal Delta Vision system and a Photometrics CoolSnap HQ2 monochrome camera. Stacks of seven z-series sections were acquired at 0.2-m intervals. All fluorescence images are maximum two-dimensional projections of z-series and were analyzed using deconvolution software from Applied Precision. Measurements were made from micrographs using the IMAGEJ (National Institutes of Health) or METAMORPH (Molecular Devices) programs. For Calcofluor (Cfw), cells were harvested (1 ml), washed once, and resuspended in water with 20 g/ml Cfw at room temperature. For time-lapse imaging, 0.3-0.6 ml of log-phase cells were collected by low speed centrifugation (3000 ϫ g for 1 min), suspended in 0.3 ml of YES media containing Cfw (5 g/ml final concentration), and placed in a well from a -Slide 8 well (80821-Uncoated; Ibidi) previously coated with 10 l of 1 mg/ml soybean lectin (L1395; Sigma).
Yeast Two-hybrid Analysis-For two-hybrid screenings, the entire ORF of gef3 ϩ w/o intron was modified to introduce BamHI and NcoI flanking sites and was cloned into the same sites of pGADT7 (Clontech) to express the GAL4-activating domain fused to the Gef3p (pSM73). GTPases rho1 ϩ to rho5 ϩ and cdc42 ϩ cloned into pAS2 were kindly provided by Perez and P. M. Coll (IBFG, Salamanca, Spain) (43) and were used as bait against gef3 ϩ . The Saccharomyces cerevisiae AH109 strain, which carries the GAL4 recognition sequence and the lacZ and HIS3 reporter genes, was transformed with different combinations of plasmids.
GST Pulldown Assay-For Gef3p/Rho3p GST pulldown assays, the wild-type strain expressing pAL-GFP-gef3 ϩ (pSM107) was transformed with either pREP4x-GST, pREP4x-GST-rho3 ϩ , or pREP4x-GST-rho3 ϩ G22V (pSM139). Rho3 protein expression was induced by growing the cells in the absence of thiamine for 15 h at 28°C. Cell homogenates from 50-ml cultures (absorbance ϭ 0.6) were obtained using 200 l of lysis buffer (50 mM HCl-Tris, pH 7.5, 200 mM NaCl, 2 mM EDTA, 0.5% Nonidet P-40, containing 1 mM p-amino phenylmethanesulfonyl fluoride, 1 g/ml leupeptin, 1 g/ml aprotinin, and 1 g/ml pepstatin). Extracts were cleared by centrifugation at 2500 ϫ g for 5 min, and ϳ1 mg of total protein was used in each immunoprecipitation in a final volume of 600 l. The extracts were incubated with 20 l of glutathione-Sepharose beads for 2 h at 4°C in immunoprecipitation buffer (same as the lysis buffer w/o Nonidet P-40 and with 2% Triton X-100 instead). The beads were washed 3ϫ with immunoprecipita- 
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Strains
Genotypes tion buffer and 1ϫ with immunoprecipitation buffer containing 500 mM NaCl and then resuspended in sample buffer and separated by 4 -12% SDS-PAGE (Invitrogen). Proteins were transferred electrophoretically to an Immobilon-P membrane (Millipore, Bedford, MA) and blotted with ␣-GFP antibody JL-8 (BD Living Colors) to detect GFP-Gef3p and with conjugated anti-GST-HRP (Amersham Biosciences) to detect GST-Rho3p. Total protein levels were monitored in whole-cell extracts (10 g of total protein) and used directly for Western blots.
Pulldown Assays for GTP-bound Rho Proteins-The GSTrhotekin binding domain (RBD) fusion protein was obtained as described previously (24) . The amount of GTP-bound Rho proteins was analyzed using the Rho-GTP pulldown assay, modified as described in Ren et al. (44) . Extracts from 50-ml cultures of cells expressing pREP3X-HArho3 ϩ transformed with pREP4X-HAgef3 ϩ or the empty plasmid grown for 18 h in minimal medium (ϪT) were obtained using 200 l of lysis buffer (50 mM Tris, pH 7.5, 20 mM NaCl, 0.5% Nonidet P-40, 10% glycerol, 0.1 mM dithiothreitol, 2 mM MgCl 2 , containing 100 M p-amino phenylmethanesulfonyl fluoride, leupeptin, and aprotinin). 100 g of GST-RBD fusion protein coupled to glutathione-agarose beads was used to immunoprecipitate 1.5 mg of the cell lysates. The extracts were incubated with GST-RBD beads for 2 h at 4°C. The beads were washed with lysis buffer four times, and bound proteins were blotted against 1:5000diluted 12CA5 mAb as the primary antibody to detect HA-Rho3p. The total amount of HA-Rho3p was monitored in whole-cell extracts (10 g of total protein) by Western blot with 12CA5 mAb. Immunodetection was accomplished using the ECL detection kit (Amersham Biosciences).
RESULTS gef3⌬ Mutant Cells Show Defects in Cell Separation-Gef3p
was first reported as a GEF by Iwaki et al. (17) . Gef3p contains a DH homology domain, also called the Rho-GEF domain, at amino acids 68 -273, and a BAR/IMD-like domain at amino acids 387-495, present in proteins involved in membrane dynamics ( Fig. 1A ). BAR (Bin1/amphiphysin/Rvs167) domains have been characterized by their function in sensing and inducing membrane curvature, but they are also involved in binding to small GTPases (45, 46) . To investigate the role of Gef3p in the control of morphology, we deleted gef3 ϩ by replacing the gef3 ϩ ORF with the ura4 ϩ marker. The gef3⌬ mutant grew well under standard growth conditions at both 28 and 37°C and entered the stationary phase at the same time as the wild-type cultures. gef3⌬ cells did not exhibit any evident morphological changes as judged by light microscopy (17) (Fig. 1B) , but in asynchronous cultures ϳ25% of the cells in the gef3⌬ mutant showed a septum compared with only 18% of the cells in the wild-type strain (Fig. 1C ). To examine septation in more detail, we constructed the double mutant cdc25-22 gef3⌬ and synchronized cells in G 2 by cdc25-22 arrest and release. In both strains septation peaked after ϳ80 min, but the septation index remained high in cdc25-22 gef3⌬ cells as compared with the wild-type cdc25-22 cells (Fig. 1D ). This suggested that septum formation proceeds normally, but cell separation is slower in the absence of Gef3p.
We then wondered whether there was a functional relationship between Gef3p and the other known GEF proteins in fission yeast. Curiously, the septation defect of the cells deleted for gef3 ϩ was exacerbated when combined with a deletion in gef1 ϩ and gef2 ϩ (Fig. 1E ). No interaction was seen when combined with null mutations in Scd1p, Rgf1p, and Rgf2p, but we detected a positive interaction with the ehs2-1 mutant (a point mutation in the rgf3 ϩ gene) (27) . Deletion of Gef3p suppressed the growth defect of ehs2-1 cells in the presence of NaF and strongly diminished the number of lysed cells in the ehs2-1 mutant grown at 37°C (Fig. 1F ). The gef1, gef2, and ehs2-1 mutants showed defects in cytokinesis, further suggesting that Gef3p is involved in this process.
Gef3p Localizes as a Ring That Splits and Persists until the End of Septation-To determine the intracellular location of Gef3p, we replaced the chromosomal gef3 ϩ ORF with the GFP gene and an eight-alanine linker fused in-frame to either the 5Ј end or the 3Ј end of gef3 ϩ . Cells carrying the GFP at the N terminus were morphologically normal and behaved like the wild type in combination with gef1⌬ mutants, indicating that the fusion protein was functional. However, we were unable to visualize the protein tagged at the C-end, suggesting that the BAR/IMD-like domain is required for the proper localization of Gef3p (not shown). GFP-Gef3p was detected at the division site in cells undergoing cytokinesis ( Fig. 2A ; the cells were synchronized to show a high proportion of septated cells). To determine whether Gef3p assembles into a ring structure, we used confocal microscopy and acquired Z sections of cells expressing GFP-Gef3p. The reconstruction of these images in Fig. 2B reveals that Gef3p indeed formed a ring structure; however, we were unable to observe rings of different diameters in cells undergoing cytokinesis (supplemental Movies 1 and 2). To determine the localization pattern of Gef3p during ring contraction, a GFP-Gef3p Rlc1p-tdTomato strain was constructed. The myosin regulatory light chain Rlc1p-tdTomato was used as a marker of contraction (47) . The images show that GFP-Gef3p assembled into a ring structure, and both proteins colocalized at the end of mitosis ( Fig. 2C, cell 6 ), but whereas Rlc1p-tdTomato constricted during septation, most of the GFP-Gef3p remained static until the end of cytokinesis ( Fig. 2C, cells 1 and 2).
We next analyzed the localization of GFP-Gef3 by time-lapse microscopy in cells stained with Cfw, a dye used to track septum assembly and cell separation in S. pombe cells (48) . The time-lapse images revealed that GFP-Gef3p concentrated in a ring detected concomitantly with the appearance of the primary septum (Fig. 2D , cells 1 and 2 with yellow arrow, time 27 and 15 min, respectively). As the septum formed, the GFP-Gef3p ring split into a double ring that persisted along septation and was dissipated after cell cleavage (see enlarged cells and cell 2 marked with a yellow arrow in Fig. 2D ). Thus, these data indicate that Gef3p localizes to the division site as a double ring during the later stages of cytokinesis.
Gef3p Colocalizes with Mid2p and Septins and Is Dependent on Mid2p and Septins for Localization-In fission yeast septins appear at the division site, where they form a ring that splits as the septum forms, and this ring does not constrict with actomyosin ring invagination (49 -51). The similarities with Gef3p (NG69) and gef3⌬ cdc25-22 (SM176) were synchronized in early G 2 and released into mitosis. The septation index was quantified as in C at the indicated times (minutes). E, ef3⌬ (SM176), gef1⌬ (PG153), gef3⌬ gef1⌬ (SM143), gef2⌬ (CL5), and gef3⌬ gef2⌬ (SM172) cells growing exponentially were stained with Cfw to visualize septa. Bar, 10 m. The graphs on the right represent the septation index of each set of mutants (the double mutant and the parental strains). At least 200 cells were scored in three independent experiments. Mean values were plotted with error bars representing the S.D. around the mean. *, p Ͻ 0.01versus gef3⌬. F, loss of Gef3p reduces the lysis and abolishes the sensitivity to NaF of the ehs2-1 (rgf3) mutant. gef3⌬ (SM176), ehs2-1(MS264), and gef3⌬ehs2-1 (SM152) cells were stained with Cfw. The graphic represents the percentage of lysis of ehs2-1 and gef3⌬ehs2-1 cell growth for 4 h at 37°C. The NaF hypersensitivity of wild type, gef3⌬, ehs2-1, and gef3⌬ehs2-1 was analyzed on a plate assay. Cells were spotted onto YES plates with or without 25 mM NaF as serial dilutions (8 ϫ 10 4 cells in the left row and then 4 ϫ 10 4 , 2 ϫ 10 4 , 2 ϫ 10 3 , 2 ϫ 10 2 , and 2 ϫ 10 1 in each subsequent spot) and incubated at 28°C for 3 days. *, p Ͻ 0.01 versus ehs2-1. prompted us to analyze a possible relationship between the septins and Gef3p. First, we studied the localization of both proteins in the same cell using a strain that simultaneously expressed Spn3p-GFP and Tomato-Gef3p. We found that Gef3p and Spn3p colocalized during septation (Fig. 3A) . Curiously, in Ͼ100 cells scored we did not find cells with Tomato-Gef3p present and Spn3p-GFP absent. This result suggests that Spn3p may precede Gef3p localization at the medial ring. Colocalization experiments with Mid2p-GFP (a protein necessary for proper organization of the septin ring) provided similar results (Fig. 3B ). We also tested the dependence of Gef3p localization on septins and Mid2p. In mid2⌬ cells and spn1-5⌬ cells, GFP-Gef3p was not localized to any specific structure (Fig. 3C) . A Western blot revealed that GFP-Gef3p was expressed in both mutants (Fig. 3D ). As expected, Mid2p and the septins localized normally in gef3⌬ cells (not shown). Thus, the results concerning the order and the localization dependence suggest that Gef3p associates with the septin ring for proper localization.
The exocyst is a multiprotein complex involved in polarized exocytosis (52) . In fission yeast, the exocyst localizes to a double ring at the site of cell constriction; it is essential for cell separation, and its function is modulated by Rho3p (28, 37) . Thus, as above we analyzed the localization of Gef3p-GFP and Exo70-RFP in the same cells. Gef3p localization coincided with that of Exo70p in all cells, except that the exocyst protein also localized to cell tips (Fig. 3E) . We, therefore, investigated whether this complex is involved in targeting Gef3p to the septum. Exo70p is conditionally essential; when grown at 37°C the exo70⌬ cells die with a multiseptated phenotype. We found that Gef3p localized properly to the septum of exo70⌬ cells both at 25°C and 37°C (Fig. 3F) . A similar result was obtained with the temperature-sensitive hypomorphic sec8-1 mutant at 37°C, although in this case the fluorescence was accumulated intracellularly, making it more difficult to detect Gef3p in the septa (Fig. 3F , the arrows point to Gef3p fluorescence). Additionally, the localization of the exocyst components Sec6p-GFP and Sec8p-GFP was independent of the presence or absence of Gef3p (not shown). These results support the notion that septins, but not the exocyst, direct Gef3p to the growing septum.
Gef3p Interacts Physically and Functionally with Rho3p in S. pombe Cells-To study the specificity of Gef3p toward the Rho GTPases, we undertook a genetic approach. In wild-type cells the overexpression of Rho proteins is not lethal (except for Rho2p) (53) , but in general it causes morphological changes and a loss of cell polarity that interferes with normal growth. Thus, if Gef3p acts through any of the GTPases it could be expected that the overexpression of this particular GTPase would be less dangerous in a gef3⌬ background. We found that gef3⌬ cells that expressed rho3 ϩ (under the control of the thiamine regulable nmt1 promoter) grew better on a plate assay than the wild-type cells in the same conditions (Fig. 4A) . The overexpression of cdc42 ϩ also produced healthier cells in the absence of gef3 ϩ . We did not observe appreciable changes in growth among the strains due to the overexpression of the other GTPases (Fig. 4A) . These results suggest that Gef3p could act on Rho3p and/or Cdc42p.
To confirm these results, the ORF of Gef3p (amino acids 1-525) was fused in-frame to the Gal4 transcriptional activation domain in plasmid pGAD and used as bait to screen for the interaction(s) with the Rho family proteins in a two-hybrid 
. Gef3p colocalizes with septins and Mid2p and its localization is dependent on septins and Mid2p.
A, Spn3p and Gef3p colocalize during septum formation. SM297 cells expressing Spn3p-GFP (green) and tdTomato-Gef3p (red) were imaged for GFP and RFP fluorescence. B, cells (SM295) expressing Mid2p-GFP and tdTomato-Gef3p colocalize in a double ring structure. C, Gef3p localization in septin ring mutants. Wild-type, mid2⌬, and spn1-5⌬ mutants expressing GFP-Gef3p (SM217, SM253, and SM277, respectively) were treated with Cfw to visualize the septum and imaged for GFP and Cfw fluorescence. D, the amount of GFP-Gef3p expressed from the chromosome in wild type, mid2⌬, and spn1-5⌬ mutants. Gef3p levels were measured with Western blots using anti-GFP antibodies. E, Gef3p colocalizes with the exocyst. Wild-type cells expressing GFP-Gef3p and Exo70p-RFP (SM259) were imaged for GFP and RFP fluorescence. F, Gef3p localization in exocyst mutants. exo70⌬ (left) and sec8-1 (right) mutants expressing GFP-Gef3p (SM259 and SM261, respectively) were incubated at 25°C or 37°C for 4 h and imaged for GFP fluorescence. Bar, 10 m. AUGUST 8, 2014 • VOLUME 289 • NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 22001 assay (see "Experimental Procedures"). For each Rho protein, a point mutation that theoretically trapped the GTPase in the GTP-bound form (ϩ) or the GDP-bound form (Ϫ) fused to the DNA binding domain was assayed (27, 43) . As shown in Fig. 4B , Gef3p specifically interacted with the GTP-bound form of Rho3p (rho3G22V) but not with the GDP-bound form of Rho3p (rho3T27N) or with Cdc42p or indeed any of the other Rho proteins. The wild-type form of Rho3p also showed binding to FIGURE 4 . Gef3p interacts with Rho3p. A, wild-type cells (YS64) or gef3⌬ cells (SM116) were transformed with pREP3x-rho1 ϩ , pREP3x-rho2 ϩ , pREP3x-rho3 ϩ , pREP3x-rho4 ϩ , and pREP3x-cdc42 ϩ . Cells were spotted onto YES plates or MM (without thiamine) as serial dilutions and incubated at 28°C for 4 days. B, two-hybrid analysis of the interactions between different Rho GTPases and Gef3p (top). Gef3p binds directly to the GTP-bound form of Rho3p (rho3G22V) and to the wild-type Rho3p (not modified). Growth in ϪLeu (L)/ϪTrp (T)/ϪHis (H) media of yeast cotransformed with pGADgef3 and the empty vector pAS2 (first row), pAS2rho3(ϩ), and the empty vector pGAD (second row), pGADgef3 and pAS2rho3(ϩ) (third row), pAS2rho3 and pGAD (fourth row), or pAS2rho3 and pGADgef3 (fifth row) in yeast two-hybrid screenings. The results are representative of three separate co-transformation experiments. C, GST pulldown assay showing the interaction of Gef3p and Rho3p. Cell extracts from cells expressing GST and GFP-Gef3p, GST-Rho3p and GFP-Gef3p, and GST-Rho3p (G22V) and GFP-Gef3p were precipitated with glutathione beads and blotted against anti-GFP antibody. A Western blot with anti-GFP and anti-GST was performed on total extracts to visualize total GFP-Gef3p and GST-Rho3p levels (WCE). D, wild-type (YS64) cells expressing pREP4X or pREP4X-gef3 were transformed with pREP3xHA-rho3. GTP-Rho3p was pulled down from the cell extracts with GST-C21RBD and blotted against 12CA5, anti-HA monoclonal antibody. Total HA-Rho3p was visualized by Western blot. IP, immunoblot. E, wild-type (MS38) cells were transformed with pREP42X-HArho3-T27N, pREP42X-rho3 ϩ , and pREP42X-HArho3-G22V. GTP-Rho3p was pulled down from the cell extracts with GST-C21RBD and blotted against 12CA5, anti-HA monoclonal antibody. Numbers indicate the relationship between active Rho3p and total Rho3p normalized regarding to wild-type plasmid pREP42X-rho3 ϩ . Gef3p (Fig. 4B) . In addition, we tested two different deletion constructs of Gef3p for interaction with Rho3p, pGADgef3DH⌬ that lacks the DH domain and pGADgef3BAR⌬ that lacks the BAR/IMD-like domain. Both mutant constructs showed interaction with Rho3p in a two-hybrid assay (not shown).
The Gef3p/Rho3p Module Works in Septation
Next we examined whether there was interaction between Gef3p and Rho3p by co-precipitation experiments. To this end, we co-expressed GFP-epitope-tagged Gef3 protein (GFP-Gef3p) together with GST, GST-Rho3p, or GST-Rho3p (G22V) (an allele of Rho3p permanently bound to GTP) in S. pombe cells. As shown in Fig. 4C , GFP-Gef3p was found to be associated with both the wild-type Rho3p and with the GTP-bound form of Rho3p. Moreover, in a separate set of pulldown experiments using GST-RBD, we found that the amount of active Rho3p (GTP-bound Rho3p) did not increase in the strain that overexpressed Gef3p (expressed from the nmt1 promoter, a thiamine-regulable and high expression-rate promoter) (55) as compared with the wild-type strain (Fig. 4D) . Because GST-RBD was described to affinity-precipitate cellular GTP-RhoA (44) , we further demonstrated that Rho3p binds to GST-RBD in the same way as Rho1p (the counterpart of mammalian RhoA in S. pombe). Extracts from wild-type cells transformed with pREP-HA-rho3T27N (the dominant-negative allele), pREP-HA-rho3 ϩ (wild-type), and pREP-HA-rho3G22V (the constitutively active allele) were incubated with GST-C21RBD. The experiment showed that the amount of affinity-precipitated GTP-Rho3p was different depending on the activation state. As expected the dominant negative mutant showed very little GTP-Rho3p, whereas the constitutively active allele that is always bound to GTP showed the highest levels (Fig. 4E) . Taken together, these results suggest that Gef3p preferentially binds to the active form of Rho3p.
We then tested whether the lack of Gef3p might influence the localization and/or stability of Rho3p. Our experiments were performed with the GFP-Rho3p expressed chromosomally under its endogenous promoter. 5 As shown previously (36, 56) , in wild-type cells GFP-Rho3p localized to the plasma membrane and was more intense at the division site ( Fig. 5A ). Interestingly, in gef3⌬ cells GFP-Rho3p still localized to the plasma membrane and to the septum area ( Fig. 5A ). However, it also formed small invaginations on one or both sides of the incomplete septum (Fig. 5A, n ϭ 100 , 15% of the cells showed aberrant GFP-Rho3p). Some cells also showed similar bubbles of GFP-Rho3p at different places on the cell periphery. To ascertain whether this defect was a characteristic of GFP-Rho3p localization in gef3⌬ cells or whether it was due to a general defect in membrane organization, we tested the localization of Psy1p-GFP in gef3⌬ cells. The fission yeast psy1 ϩ gene encodes a mammalian syntaxin (t-SNARE) homolog that localizes to the plasma membrane during vegetative growth (57) . Psy1p-GFP was properly localized to the plasma membrane of gef3⌬ cells (Fig. 5B ). Together, these results indicate that Gef3p may act as a scaffold for Rho3p, perhaps being required to concentrate active Rho3p during the early stages of septum formation when plasma membrane invagination takes place.
Loss of Gef3p Shows Genetic Interactions with Exocyst Mutants, apm1⌬
Mutants, and Formin Mutants-The above results suggested that Gef3p was more related to Rho3p than to any of the other GTPases of the Rho family. Accordingly, we deleted gef3 ϩ in rho3⌬ cells to conduct epistasis experiments. The double mutant gef3⌬rho3⌬ grew as well as the single mutant rho3⌬ in a temperature range between 25°C and 35°C, whereas neither of them was able to grow at 37°C ( Fig. 6A ), suggesting that Gef3p and Rho3p could act in the same pathway. We then wondered which of the Rho3p functions might be specifically affected by Gef3p. In S. pombe, the overproduction of Rho3p compensates the abnormal elongated multicellular phenotype of sec8-1 and exo70⌬ exocyst mutants, and rho3⌬ shows strong negative interactions with sec8-1 and exo70⌬. Accordingly, we analyzed whether the exocyst was functionally related to Gef3p. The overproduction of Gef3p did not suppress the thermosensitive phenotype of the sec8-1 mutant (not shown). However, the sec8-1 gef3⌬ double-mutant cells showed a severe growth defect. They did not form colonies detectable at 35°C, a cell growth-permissive temperature for each single mutant (Fig.  6B) . Although gef3⌬ and sec8-1 showed a mild cell separation defect at 25°C (Fig. 6B) , this phenotype was exacerbated in the sec8-1 gef3⌬ double mutant, most cells arresting with multiple septa (Fig. 6B ) and similar to the sec8-1 phenotype at 37°C (28) . In addition, a genetic interaction was found between gef3⌬ and exo70⌬ (not shown). Rho3p regulates secretion by influencing membrane trafficking in cooperation with Apm1p (34) . Therefore, we also entertained the possibility of the existence of a functional link between Gef3p and genes encoding adaptin. We found that gef3⌬apm1⌬ cells grew at 25°C but did not form colonies detectable at 35°C (a cell growth-permissive temper- ature for each single mutant) ( Fig. 6C ). Moreover, even at 25°C Ͼ90% of the cells showed 1 septum. Thus, Gef3p and Apm1p interact genetically to promote cell growth at high temperature.
Finally, we explored whether Gef3p might be involved in the Rho3p function in polarity. Rho3p binds to For3p, which is the S. pombe ortholog of formin, and the rho3⌬for3⌬ double-null cells showed defects that were more severe than those seen in each of the single null cells; that is, round cells appeared (36) . Because Gef3p binds to the active form of Rho3p, we speculated that in gef3⌬ cells active Rho3p is not properly concentrated and that polarity would be compromised if actin cables were absent due to the deletion of For3p. To examine this possibility, For3p was deleted from the gef3⌬ mutant, and the phenotype of the resulting double mutant was assessed. A synthetic cell growth defect was observed at 35°C, and this was more severe at 37°C (Fig. 6D) . Moreover, the double-mutant cells frequently showed a lemon-like shape, similar to rho3⌬for3⌬ cells and swelled from the middle even at 25°C (Fig. 6D ). This phenotype like the one reported for pob1-664 mutant cells at the restrictive temperature (37, 40) . Thus, the results suggest that the function of Gef3p is important for Rho3p to control secretion, especially if one of the two molecular systems involved in vesicle-trafficking, namely vesicle tethering and vesicle transport, is also affected.
DISCUSSION
GEF activation of Rho GTPases occurs through the serial formation of macromolecular complexes at precise points in time and space that are currently incompletely understood.
Here we studied a Rho-GEF, termed Gef3p, which like other Rho-GEFs contains a DH but lacks the pleckstrin homology domain that is required for most Rho-GEFs to localize to the membrane (59) . Instead, at the C terminus Gef3p carries a putative BAR/IMD-like domain. The IMD (IRSp53 and MIM (missing in metastases) homology domain) is an I-BAR or inverse BAR domain that binds to the membrane through its convex surface. IMD domains are involved in plasma membrane deformation, producing protrusions (filopodia and lamellipodia) (60, 61) .
In this study we assigned a function to Gef3p that was directly related to the assembly of Rho3p GTPase to the septum. Gef3p interacts functionally with Rho3p, and the loss of Gef3p aggravates the phenotypes of exocyst mutants and formin mutants, similar to what has been described previously for the loss of Rho3p (28, 36) . Biochemical and genetic evidence suggests that Gef3p interacts with Rho3p, although it does not seem to promote nucleotide exchange of the GTPase. Gef3p bound to the active form of Rho3p but not to other Rho proteins (either GDP-or GTP-bound) in a two-hybrid assay. Moreover, wildtype Rho3p and GTP-bound Rho3p coprecipitated with Gef3p. The GDP/GTP cycle is highly regulated by GEFs, which induce the release of the bound GDP for replacement by the more abundant GTP. As a result, GEFs usually accelerate the exchange reaction by several orders of magnitude (12, 13) . Despite this, here we observed that high levels of Gef3p did not raise the level of GTP-Rho3p in vivo. We also tested the effect of the overexpression of Gef3p on the GTP-bound levels of the other GTPases, from Rho1p to Rho4p and Cdc42p, with negative results. Thus, Gef3p apparently does not activate Rho3p, which could explain why the overexpression of Rho3p, but not that of Gef3p, suppressed the thermosensitive phenotype of the sec8-1 mutants (36) or amp1⌬ mutants (34) (not shown). Rho3p binds to Gef3p lacking its DH domain in a two-hybrid assay, suggesting again that Gef3p is not working as a GEF for FIGURE 6. Loss of Gef3p shows genetic interactions with exocyst mutants, adaptin mutants, and formin mutants. A, gef3⌬rho3⌬ behaved like rho3⌬ cells in their ability to grow at high temperatures. To compare the relative growth rates, equal numbers of gef3⌬ (SM176), rho3⌬ (PPG3740), and gef3⌬rho3⌬ (EM257) cells were diluted (8 ϫ 10 4 cells in the left rows and then 4 ϫ 10 4 , 2 ϫ 10 4 , 2 ϫ 10 3 , 2 ϫ 10 2 , and 2 ϫ 10 1 in each subsequent spot) and spotted onto YES plates. Colony formation was analyzed after 3 days at 32, 35, and 37°C. B, the gef3⌬ sec8-1 double-mutant strain was unable to form colonies at 35°C. To compare relative growth rates, gef3⌬ (SM176), sec8-1 (MBY887), and gef3⌬ sec8-1 (SM226) cells were spotted onto YES plates as above and incubated at 25, 35, and 37°C for 3 days (upper panel). gef3⌬, sec8-1, and gef3⌬sec8-1 cells were observed directly in YES liquid medium at 25°C by differential interference-contrast microscopy (lower panel). C, loss of both gef3 ϩ and apm1 ϩ results in failure to grow at 32 and 35°C. To compare the growth rates, gef3⌬ (SM176), apm1⌬ (SM708), and gef3⌬apm1⌬ (SM721), cells were spotted onto YES plates and incubated for 3 days at different temperatures (upper panels). Differential interference-contrast photographs of gef3⌬, apm1⌬, and gef3⌬ apm1⌬ cells grown in YES liquid medium at 25°C (lower panels). D, gef3⌬for3⌬ double-mutant cells fail to polarize growth. gef3⌬ (SM176), for3⌬ (PPG2567), and gef3⌬ for3⌬ (SM300) cells were diluted, spotted onto YES plates, and incubated at 25, 35, and 37°C (upper panels). Differential interference-contrast photographs of gef3⌬, for3⌬, and gef3⌬for3⌬ cells grown at 25°C (lower panels). Bar, 10 m.
Rho3p. From our results it is likely that both, the DH and BAR/ IMD-like domains, could participate in binding. In this sense, a series of BAR domain-containing proteins have been characterized that are linked to Rho GTPase signaling pathways (62) . BAR domains play important roles in the targeting of proteins to specific regions within the plasma membrane where actin remodeling is necessary. At these sites, BAR-domain proteins can control Rho GTPase activity either by regulating the activation status of Rho GTPases or by linking Rho GTPases to their upstream activators or to their downstream effectors (45, 61) .
The interaction Gef3p/Rho3p is not unique; in certain circumstances allosteric interactions of the GEF with either the GTPase itself or with its effectors can create an environment that seems to sustain the GTPase activity without modifying the nucleotide binding state of the GTPase. The Gef3p/Rho3p interaction might be required for stabilization of the active form of Rho3p at the septum. GFP-Rho3p showed a uniform membrane distribution, and we failed to observe important differences between the wild-type and gef3⌬ cells in the localization of Rho3p to the septum. However, in gef3⌬, GFP-Rho3p was often invaginated in the wrong place, surrounding immature septa. This suggests that Gef3p binding to active Rho3p might stabilize the protein, promoting its accumulation at the contractile actomyosin ring/invaginated membrane interface. Alternatively, Gef3p may convey active Rho3p to a specific platform to become part of a higher-order complex. Here, we noted that Gef3p localized to the cell division site after septins had been deposited and that it required septins for localization. Septins are filament-forming (GTP-binding) proteins that assemble at the division site. In many systems they appear to serve as scaffolds and diffusion barriers for other proteins, and they are important for cytokinesis (50, (63) (64) (65) . Recent findings suggest that septins regulate membrane traffic or membrane stability (66, 67) . Septins could cross-link and corral membrane domains enriched in particular phosphoinositides, blocking the lateral diffusion of membrane proteins and deforming or rigidifying the cell membrane (54, 68, 69) . In fission yeast septins are not essential for cell viability, and mutants display a variable delay in separation of the daughter cells, suggesting that septins play some role(s) in the proper completion of the septum or in subsequent processes necessary for cell separation (50, 54, 58, 68) . Rho3p is not essential for viability, but cells depleted of Rho3p were elongated and multiseptated, and they accumulated putative secretory vesicles at high temperature (28, 34, 36, 37) . Thus, the loss of function of both pathways produces similar cytokinetic defects. In mid2⌬ and spn mutants, failure in septin ring assembly impairs the formation of the Gef3p ring and may culminate in perturbing Rho3p function in the medial region. Consistent with this idea, we found that a combination of a defective septin ring (mid2⌬) with a mutation in the adaptin complex (apm1⌬), an effector of Rho3p, was lethal above 32°C; this phenotype is almost identical to the one seen in gef3⌬apm1⌬ cells (Fig. 6C ). As expected, mid2⌬gef3⌬ cells grew well at all temperatures. Together, these results suggest that one of the functions of the septin ring in S. pombe could be to act as a positional cue for the targeting of active Rho3p.
gef3⌬ cells grew similarly to wild-type cells. However, a deletion of Gef3p caused a small delay in cell-cell separation, sug-gesting a role for the protein in cytokinesis. Curiously, the interaction with other GEFs may help to understand its role in septum dynamics. The gef3⌬ cytokinesis phenotype was aggravated by the deletion of Gef1p (a Cdc42-GEF), producing highly multiseptated cells (Fig. 1E ). However, the elimination of Gef3p suppressed hypersensitivity to NaF and lysis in ehs2-1 cells mutated in Rgf3p (a Rho1p-GEF). Thus, the most attractive hypothesis to explain the data is that Gef3p would be involved in a pathway whose function normally complements that of Cdc42p. In addition, the Gef3p/Rho3p pathway might negatively modulate Rho1p signaling, and hence its absence would raise the level of Rho1p, which would help to correct the damage. Our results are consistent with the possibility that Gef3p/ Rho3p could function redundantly with the Cdc42p pathway in cytokinesis. Cdc42p is likely to form the most upstream polarizing cue and activates the formin For3p for the assembly of polarized actin cables. This interaction is facilitated by Pob1p (36, 38 -40) . The pob1-664 mutant shows an accumulation of secretory vesicles and a loss of functional actin cables, and both phenotypes are suppressed by Rho3p (37) .
Our results suggest that Gef3p functions by stabilizing active Rho3p and facilitating the interaction of Rho3p with its effectors during the early steps of septum synthesis. This is shown by the fact that a lack of Gef3p produced defects similar to the deletion of Rho3p when combined with mutants in the exocyst and formins (31) . The simultaneous mutation of gef3 ϩ and sec8 ϩ and gef3 ϩ and apm1 ϩ , both genes encoding proteins involved in secretion, afforded cells with strong defects in septation. In addition, a severe synthetic cell growth defect in polarity was observed in the gef3⌬for3⌬ double mutants. These cells frequently showed a lemon-like shape similar to pob1-664 and misslocalized septa (Fig. 6D ). As the Gef3p and Rho3p are both required for polar growth in the absence of actin cables (this work and Ref. 36 ), this complex could provide key spatial information to identify zones of growth, a redundant function related to the master role of Cdc42p in polarized exocytosis. It is possible that the septins that localize Gef3p also play a role in this process.
In conclusion, we observed that the putative Rho-GEF Gef3p binds to active Rho3p and localizes to the septin ring, providing a platform for GTPase function during septum assembly and/or degradation. The Gef3p/Rho3p interaction contributes to downstream events in the secretory pathway redundantly with the two autonomous "morphogenetic modules": the exocyst and the actin cable machinery.
